Abstract-A method based on a genetic algorithm (GA) is used to design the optimum configuration of defects that when put within a photonic-crystal (PhC) taper improve the coupling efficiency between dielectric and PhC waveguides (WGs). This approach optimizes the whole configuration of defects simultaneously and, therefore, takes into account the correlation among the defects. Transmission efficiencies up to 94% have been predicted for a 3-µm-wide dielectric WG into a single-line-defect PhC-WG. This result significantly improves the transmission efficiency of the same PhC taper without defects. The influence on the coupling efficiency of the PhC taper length and geometry are also discussed.
I. INTRODUCTION

I
N RECENT years, a large variety of functionalities based on photonic crystals (PhCs) have been reported, aiming at the realization of highly integrated photonic circuits [1] . There has also been a considerable progress in the fabrication processes. However, a great effort is still needed to resolve several issues to permit the definitive industrial deployment of PhC technology. Among them, the minimization of propagation losses and coupling losses between PhC circuits and external media, like fiber and dielectric waveguides (WGs), plays a crucial role. A large variety of coupling structures and techniques to minimize the coupling losses between PhC-WGs and dielectric WGs have been proposed in the last few years [2] - [7] . One of the most promising approaches are discrete PhC tapers made by producing defects at the entrance of the original PhC-WG [8] - [11] .
A coupling technique based on properly inserting localized defects within a PhC taper was proposed and experimentally demonstrated by some of the authors [12] - [14] to improve the coupling efficiency between dielectric WGs and PhC-WGs. The optimum configuration of defects was designed by means of a heuristic optimization approach. However, this approach comes out inefficient; in addition, it could not lead to the best design when the required number of defects is increased.
Genetic algorithms (GAs) are one of the best approaches to solve complex problems with a large set of parameters. They have been employed to tackle different complex problems in PhC structures [15] - [19] . Thus, in the same spirit as in [13] , a microgenetic algorithm (µGA) was recently used to design the optimum configuration of defects within a PhC taper [15] . The proposed defects were of unconventional shape, and they were placed out of the mirror plane of the PhC taper. However, only one type of PhC taper was analyzed, and no dependence on frequencies was reported [15] . In this paper, a GA have been used for properly designing the optimum configuration of defects considering PhC tapers with different lengths and geometries in order to achieve the highest transmission efficiency in a broad frequency range. One of the most popular GAs used in combination with multiple scattering theory (MST) to evaluate the transmission across the PhC structures has been considered. This GA-MST inverse design tool has previously used by some of the authors to solve equivalent problems in photonics [18] , [19] . The same tool is used here with the reservation that the GA is implemented with Gray codes to improve the performance with real-valued parameters. In comparison with [15] , where only one type of PhC taper was analyzed and no dependence on frequency was reported, here, we report a comprehensive study of different PhC tapers and analysis of the influence on the coupling efficiency of the correlation between defects, the PhC taper length, the PhC taper geometry, and the frequency of optimization are presented.
The paper is structured as follows. In Section II, the design of the optimum configuration of defects producing maximum transmission at a given frequency is initially carried out by calculating all the possible solutions in terms of the radius and relative position of the defects placed within the PhC taper. It will be discussed how this approach is impractical for many cases of interest and, therefore, in Section III, a design approach based on GA-MST is proposed and applied. Particularly, the parameters of defects placed in several PhC tapers with different geometries are optimized to predict the highest transmission efficiency. Finally, conclusions are given in Section IV.
II. DEFECTS CONFIGURATION DETERMINED BY A CALCULATION OF THE FULL SET OF SOLUTIONS
The considered PhC is formed by a two-dimensional (2-D) hexagonal lattice of dielectric cylindrical rods of silicon (Si) embedded in a silica (SiO 2 ) background. The radius R of the rods is 0.2a, a being the lattice constant. A PhC structure similar to the one studied here was recently fabricated with a square-lattice configuration [20] . is coupled. On the one hand, the PhC structure has a bandgap for the transverse magnetic (TM) modes [electric field pointed out of the plane E y (x, z)] defined in the normalized frequency range 0.266-0.359 (a/λ). On the other hand, the PhC-WG has a single mode with bandwidth in the range 0.274-0.347 (a/λ). Fig. 1 schematically shows the coupling configuration that is analyzed in this section. This coupling structure consists of two cylindrical defects with radius r ext and r int , respectively, placed within the PhC taper. The same configuration was analyzed in a previous work and a maximum transmission of 84% was predicted for the optimized configuration of defects [13] . The optimum configuration of defects was obtained by means of a heuristic approach based on first deciding the number of defects, and their relative position, that should be placed into the PhC taper and then optimizing the radius of each defect [13] .
Here, the optimum two-defect configuration is recalculated by studying all the possible solutions in terms of the radius and relative position of the defects placed at the entrance of the PhC-WG. This calculation becomes feasible by using an MST, previously used by some of the authors [21] . The MST significantly reduces the computational time required to calculate the transmission power through any given 2-D PhC structure with respect to the finite-difference time-domain (FDTD) method, which was the numerical technique employed in [13] . However, for the sake of comparison with earlier works, the transmission spectra of the resulting optimized PhC structures have been calculated throughout this paper by using the FDTD method. A good agreement was always found between the two simulation methods.
For the case of a single defect within the PhC taper, Fig. 2 (a) shows the transmission efficiency as a function of the defect radius r def and the relative position in the z-axis z def at the normalized frequency of 0.30 (a/λ). It can be seen that the there is a dominant maximum of 79% for a radius of r def = 1.03R and at a position of z def = 0.63a. The black line in Fig. 2 (a) separates the region of parameters where the transmission is enhanced with respect to the corresponding PhC taper without defects. The large range of parameters producing transmission improvement concludes that a single-defect configuration is a very good tool to enhance the power transmission into the PhC-WG, and, besides, it is noticeable that the enhancement is very robust against possible errors in the position and radius of the defect.
After fixing the best defect with these parameters, the transmission map has been recalculated for the case of a second defect put within the taper (see Fig. 1 ). Fig. 2(b) shows the resulting map, which indicates that the transmission is improved up to 87% when a defect with parameters (r int , z int ) = (0.34R, 1.63a) is added into the taper. The parameters of the two-defect configuration are similar to those reported in [13] and, therefore, the transmission has only been slightly improved. The black line in Fig. 2(b) defines the region of parameters where the second defect has to be placed in order to get transmission enhancement with respect to the single-defect configuration. Now, it can be noticed that the region of parameter producing transmission enhancement is quite small and, in addition, that the enhancement will be more sensible to possible errors of fabrication in the position and radius of this additional defect. Fig. 3 shows the transmission efficiency as a function of frequency for the PhC taper without defects (dashed line) in comparison with the 2 two-defect configurations described above.
Let us remark that the calculation of all possible configurations for the one-defect problem guarantees that the true optimum parameters have been obtained. This calculation has been made possible, because the computational time needed to calculate the map shown in Fig. 2(a) is relatively short by using MST. Notice that the total number of possible solutions is N = (2a/∆z def )/(2R/∆r def ), where ∆z def and ∆r def are the steps related to the position and radius of the defect, respectively. Thus, for steps values of ∆z def = 0.031a and ∆r def = 0.0625R, the total number of configurations is 64 × 32 = 2048, which can be calculated using a Pentium IV personal home computer in less than 12 h. However, if one wants to explore the full set of solutions for the two-defect case, the number N would increase up to 2 096 128. This number is about 1000 times larger than for the single-defect case and implies a calculation time of about 1.5 years. Because of this computational effort, the map in Fig. 2(b) has been calculated under the approach of fixing one of the defects at the position where a single-defect configuration maximizes the transmission [see Fig. 2(a) ]. Fortunately, the correlation between defects is not very large for this 2a-long PhC taper. This lack of correlation is observed in Fig. 2(a) and (b) since the maximum transmission obtained by putting two defects at the maxima in Fig. 2(a) [respectively, at (r ext , z ext ) = (1.03R, 0.63a) and (r int , z int ) = (0.58R, 1.56a)] does not differ much from the one obtained when the second defect is put at the maximum obtained in Fig. 2(b) ; that is, at (r int , z int ) = (0.34R, 1.63a).
Unfortunately, the correlation between defects becomes an important issue either when the PhC taper is made longer or when the number of the defects within the taper is greater than two. In other words, the defect correlation could be an important drawback in order to determine the true maximum transmission efficiency. For example, for an 8a-long PhC taper like the one shown in Fig. 4 , the search for the optimum parameters of the second defect is conditioned by the parameters chosen for the first defect. This phenomenon is clearly shown in the transmission maps represented in Fig. 5 . In those maps, the black lines separate the regions where an improvement of the transmission is achieved with respect to the case without defects [in Fig. 5(a) ] or for the single-defect case [in Fig. 5(b) and (c)] . Now, the importance of the correlation is observed. A sensible difference between transmissions is obtained depending on where the first defect is placed. Fig. 5(b) shows the transmission for the second defect, if the parameters for the first defect are taken from the global maximum in Fig. 5(a) (as was done for the  2a-long taper) . The best result for the two-defect configuration corresponds to the global maximum in Fig. 5(b) and equals a Table I , and they were obtained to get a maximum transmission at the frequency of 0.30 (a/λ).
transmission of 83%. Fig. 5(c) shows the second defect dependency for using, not the best, but the second best solution from Fig. 5(a) . Surprisingly, the global maximum in Fig. 5 (c) predicts a coupling efficiency of 90%, outperforming the earlier 83%.
The discussion above lets us to conclude that though high transmission efficiency is achieved by following the previous approach, alternative efficient approaches that simultaneously optimize the whole configuration of defects would be more appropriate in order to get the defect parameters giving the true maximum of power transmission into the PhC-WG.
III. DEFECTS CONFIGURATION DETERMINED BY A GA-MST TOOL
Here, a design approach based on a GA-MST tool of design that has been successfully employed by some of the authors in several optimization problems [18] , [19] , [22] , [23] is applied to get the parameters of the defects that introduced within the PhC taper produces the maximum power transmission into the PhC-WG.
First, the parameters of two defects within the 2a-long PhC taper shown in Fig. 1 were calculated. The optimum parameters obtained are (r int , z int ) = (0.38R, 1.48a) and (r ext , z ext ) = (0.84R, 0.6a). These parameters are somewhat different to those previously reported, but the transmission efficiency is not significantly improved. The optimization was also carried out for a three-defect configuration, but the transmission efficiency was, once again, not substantially improved. However, just as occurs in conventional dielectric tapers, the transmission efficiency depends on the length of the PhC taper [10] . Below, it is shown how higher transmission efficiencies could be achieved by using a PhC taper longer than the previously considered.
A. Optimization of the PhC Taper Length
The structure shown in Fig. 6(a) , which is named as a 5a-long PhC taper, has firstly been considered. It has a staircase-like profile with 1.5a-long steps. The optimum transmission is searched considering configurations of one, two, three, and four defects within the taper. On the one hand, the case of fourdefect configuration resulted in a transmission efficiency only 1% higher than the three-defect case but in a much narrower frequency band. On the other hand, the one-and two-defect configurations gave lower efficiencies than the three-defect configurations. Therefore, the three-defect case is considered as the best solution and will be reported here. The optimum parameters of the defects (i.e., radii and positions, respectively) producing maximum transmission at the optimized frequency of 0.30 (a/λ) are reported in Table I . The transmission efficiency achieved with these three-defect configuration is 86%, which does not improve the 87% achieved with the 2a-long PhC taper depicted in Fig. 1 . The transmission as a function of the frequency is shown in Fig. 6(b) for the optimized configuration (continuous line) and is compared with the one free of defects (dashed line). It is noticeable in Fig. 6 (b) how a broad bandwidth with transmission efficiencies above 80% is achieved for the PhC taper with three defects. Since the transmission in the 5a-long PhC taper has not effectively improved with respect to the shorter taper, a longer PhC taper, as the one shown in Fig. 7(a) , has been considered. In this case, the taper is made of discrete steps having a length of 2.5a. As before, the best results were obtained for a three-defect configuration. The optimum radii and positions of the defects calculated at the normalized frequency of 0.30 (a/λ) are reported in Table II . A transmission efficiency up to 94% is obtained in this case, which improves the transmission efficiency achieved with the shorter tapers previously studied. The transmission spectrum is shown in Fig. 7(b) for this PhC Table II , and they were obtained to get a maximum transmission at the frequency of 0.30 (a/λ). Fig. 8 . Modulus of the electric field at a normalized frequency of 0.329 (a/λ) for the structure shown in Fig. 7 (a) and without considering defects within the PhC taper.
taper with the optimized three-defect configuration (continuous line) and is compared with the free-defect configuration (dashed line). A broad bandwidth with transmission efficiencies above 80% is obtained for this PhC taper. However, the transmission at high frequencies presents a bad behavior in both configurations. Particularly, the transmission for this PhC taper without defects sharply drops at the normalized frequency of 0.329; this behavior is also observed in the three-defect PhC taper but at slightly higher frequencies. Fig. 9 . Schematic diagram of the 6a-long modified PhC taper proposed to avoid the excitation of the resonant mode shown in Fig. 8 .
B. Modification of the PhC Taper Geometry
In order to analyze more in-depth this effect, the modulus of the electric field, |E y (x, z)| has been obtained for the 8a-long PhC taper without defects at 0.329 (a/λ), the frequency at which the transmission suddenly drops. The plot, which is shown in Fig. 8 , indicates that a long-live resonant mode is excited near the end of the PhC taper, thus, strongly reducing the power transmitted into the PhC-WG. The physical origin of this resonant behavior is out of the scope of the present work. It could be explained by using coupled mode theory [24] , but details will be given in a further publication.
In order to avoid the excitation of the resonant mode, we have suppressed the section of the taper closer to the PhC-WG. The resulting taper that we named as a 6a-long modified taper is depicted in Fig. 9 . The spectrum transmission of this new taper without defects is shown in Fig. 10 , and it is compared with those presenting the anomalous behavior at high frequencies. It Fig. 10 . Transmission efficiency as a function of the normalized frequency using the 6a-long modified PhC taper (see Fig. 9 ), and the 5a-and 8a-long PhC tapers shown in Fig. 6 (a) and 7(a), respectively. In all cases, no defects were placed within the corresponding PhC tapers. can be seen that the transmission does not show the drop at high frequencies, because the localized mode has been removed. The close-to-zero transmission observed at frequencies around 0.335 (a/λ) for the 5a-long and 8a-long PhC tapers with three defects inside can also be explained by a similar resonant effect. Therefore, the optimization of a three-defect configuration at the frequency of 0.30 (a/λ) has also been carried out for the so-called 6a-long modified PhC taper. The optimized parameters are given in Table III , and the transmission spectrum is shown in Fig. 11 , where a comparison with the one obtained for the 8a-long PhC taper is depicted. The maximum transmission efficiency is 92%, however, in this case, the transmission is not degraded at frequencies around 0.33 (a/λ). This result confirms that the last section of the 8a-long PhC taper has a large influence on the coupling efficiency at high frequencies. The suppression of this section in the 6a-long modified PhC taper has produced the transmission enhancement at those frequencies.
C. Coupling Dependence on the Frequency of Optimization
The transmission efficiency can be improved at any given frequency since defect parameters depend on the frequency used in the optimization process. To prove the usefulness of Fig. 11 . Transmission efficiency as a function of the normalized frequency using the 8a-long PhC taper shown in Fig. 7(a) and the 6a-long modified PhC taper shown in Fig. 9 , each one with its corresponding three-defect configuration optimized at the frequency of (a) 0.3 (a/λ), (b) 0.32 (a/λ), and (c) 0.335 (a/λ).
the proposed coupling technique, the optimization of the threedefect configuration has been repeated for the 8a-long PhC taper at the frequencies of 0.32 (a/λ) and 0.335 (a/λ). The Fig. 12 . Modulus of the electric field for the 8a-long PhC taper at the normalized frequencies of (a) 0.303 (a/λ) and (b) 0.3355 (a/λ). The parameters of the three-defect configuration optimized at the normalized frequency of 0.32 (a/λ) (see Table II ) are used within each PhC taper. parameters are reported in Table II , and the corresponding transmission spectra are plotted as dashed lines in Fig. 11 . Let us remark how the parameters of defect 3, which is located within the section of the taper closer to the PhC-WG, are the ones that differ more from the values obtained for the other two optimization frequencies. This result is expected since the coupling efficiency at frequencies around 0.33 (a/λ) is highly dependent on the thickness of the section closer to the PhC-WG. However, the more relevant feature in these spectra is the presence of drops in the transmission for certain frequencies. As discussed before, these drops are related to the existence of long life resonances now existing in the PhC taper with defects. As an example, Fig. 12 plots the map of the electric field modulus for the two resonances existing at the structure optimized at 0.32 (a/λ).
The optimization of the three-defect configuration and the calculation of the corresponding transmission spectra have also been carried out for the 6a-long modified PhC taper (see Table III and Fig. 11) . Now, the transmission spectra for this PhC taper does not present such abrupt drops, though regions of minimum transmission are still seen at different frequencies in the band. Furthermore, it can be seen in Fig. 11 (c) that higher transmission efficiencies at frequencies closer to the band edge are achieved with respect to the 8a-long PhC taper.
Finally, in regards with the 2a-long PhC taper (see Fig. 1 ), which is the shortest taper studied, it is important to point out that no minimum transmission is found in the spectra (see Fig. 3 ) either in the PhC taper without defects or in the PhC taper with defects, because no localized states are built in the different sections that form the PhC taper.
IV. CONCLUSION
A coupling technique based on setting localized defects within a photonic-crystal (PhC) taper has been thoroughly analyzed. The optimum number of defects as well as their radii and position within the PhC taper need to be carefully designed depending on the size of the PhC taper. For small PhC tapers, the optimum parameters may be achieved by making a scan of all the possible solutions. However, this approach does not take into account the correlation among defects so it cannot lead to the best solution when a high number of defects are required. Therefore, in this case, the design of the optimum configuration of defects has been proposed based on a stochastic search algorithm, which is a genetic algorithm (GA), used in conjunction with a multiple scattering theory (MST) to calculate the transmission across the structures under study.
On the other hand, the influence of the PhC taper length on the coupling efficiency has also been analyzed. It has been found that resonant modes can be excited when the length of the PhC taper is increased, thus, degrading the coupling efficiency. However, these resonant modes can be avoided by carefully designing the PhC taper geometry. Furthermore, the transmission efficiency is maximized when the proposed coupling technique is used.
In summary, transmission efficiencies above 90% for coupling light from a 3-µm-wide dielectric waveguide (WG) into the PhC-WG have been demonstrated by using the proposed coupling technique. In all the different analyzed PhC tapers, the transmission efficiency was significantly improved with respect to the case of using the same PhC taper without defects.
